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INTRODUCTION

An RF photo-injector was installed at Fermilab between January and June 97. The
photo-injector produced its first beam on 4 June 97. This report provides a brief
description of the accelerator and a summary of the experiments carried out through
December '97. |

1/ LAYOUT OF THE PHOTO-INJECTOR

The main parameters of the photo-injector installed at Fermilab are given below.
These parameters are obtained by simulation.

RF Gun Parameters [Ref 1, p 116]

e Number of cells : 1.625
* Operating mode : TM g
 Frequency : 1300 MHz

* Structure quality factor : 23601
* Operating Field at the Cathode : E_,;; 4. =35MV/m

» Power dissipated at E =35MV/m:22 MW

cathode
* Duty cycle : 1%
* Type of cathode : Cs,Te

* Type of cavity : Cu

Beam Parameters [ Ref 1, p 181]

* Energy : 4.5 MeV
* Energy spread : 0.8%
* Bunch charge : 10 nC

* Peak Current : 435 A ‘
* RMS Normalized Emittance (u=x,y) : €, = 207 mm.mrad




Laser Parameters [Ref 2]

* Fundamental wavelength : 1054 nm
* UV wavelength : 263 nm

* Micro-pulse repetition rate : 1 MHz
e Micro-pulse length : 10 ps (2-12 ps)
* Macro-pulse repetition rate : 1 Hz

* Macro-pulse duration : 800 pis

* Energy per pulse : 1-10 uJ

» Type of oscillator : Nd:YLF

» Type of amplifier : Nd:glass

Installation at Fermilab

The facilities at Fermilab had limits :

* a problem with the slab amplifier of the laser made it difficult to obtain a
macro-pulse of 800 micro-pulses. We did all of the experiments with 30 micro-pulses
or less ( it is also possible to obtain 800 micro-pulses with a repetition rate of 0.1 Hz).

* the second micro-pulse of the macro-pulse was missing because of a limitation
in the laser electronics.

A schematic layout of the photo-injector is shown on the next page (Figure 1.1).
The beam line has 6 crosses for diagnostics. The diagnostics in each cross (up, down,
left, right in the direction of the beam propagation) consist of :

cross 1: e vacuum diagnostics (ionization gauge and residual gas analyzer)
e pumping port
» viewport for camera to observe the cathode
e viewport for entrance of the laser

cross 2 : ©emittance probe (slits)
 Cr doped Al,0; (ruby) screen (2"X 2")

e jon-getter pump
» viewport for CCD camera (SN 241022)



cross 3 : ¢ Optical Transition Radiation (OTR) screen
* Cr doped Al, 05 ( ruby) (28 mm X 28 mm X 1mm)
e jonization gauge
* viewport for CCD camera (SN 252089) and Intensified camera.

cross 4 : e empty
* empty
* jonization gauge
° empty

cross S : ° YAG screen (circular with 25 mm diameter)
* jon-getter pump
° empty
» viewport for CCD camera (SN 252087)

cross 6 : ¢ YAG screen (circular with 25 mm diameter)
* jon-getter pump
* viewport CCD camera (SN 241021)
* empty.

Others diagnostics have been installed in the beam line :

* 2 Integrating Current Transformers (ICTs) to measure the charge of the beam,
one after the secondary solenoid and the other between crosses 2 and 3.

* 2 trim magnets to steer the beam, one after cross 1 and the other after cross 2.

* 2 quadrupoles located between crosses 2 and 3. |

* ] Beam Position Monitor (BPM) to measure the transverse position of the
beam, located between cross 1 and 2.

2 Faraday Cups, one at the end of the beam line, the other at the end of the
bend.

In the following sections we describe the experiments with the RF Gun. The first
experiment we present is the spectrometer calibration because of its importance for
measurement of the beam energy.
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2/ SPECTROMETER CALIBRATION

The spectrometer used in the AO photoinjector is a dipole with an angle
0 =45°, an iron length L;=165 mm and a gap length L5=115 mm. We define the
magnetic length L, of the dipole to be equal to the iron length plus half a gap in each
side of the iron, so L;=280 mm. The magnetic length corresponds to the magnetic
field experienced by the particles. We associate a bending radius to the magnetic field of
p =40.2 cm. This radius will be considered in the following as the bending radius of

the dipole.

An application of Ampere's Law gives the relationship between the magnetic field
produced by the dipole and the current in the windings :

I
p[T] = LM
Lg
with : * |y = the permeability of the free space = 41107 H/m

* N = Number of turns = 12 X29X2
* L= Length of the gap [m] = 11.5%x10?m
* I = Current in the windings [ A ]

we get : B[T]=7.61x10"31[A]

To check the validity of this theoretical relation, we put a Hall probe above the
beam tube in the middle of the spectrometer and we measured the magnetic field as a
function of the current set by the Macintosh.

We obtained 6 sets of data for several current ranges between -10 Amp and +10
Amp. Each set of data was fitted by a line and the mean of all the lines gave
B[T]=7.18x107° ITA]. We made also an hysteresis measurement between -10 Amp
and +10 Amp. We found a weak hysteresis effect in the dipole.

The above relation gives the magnetic field at a point above the beam tube, but
we were interested in the magnetic field in the middle of the beam tube, where the beam
is located. To measure the latter, we compared Hall probe readings above and in the




middle of the beam tube for the same dipole current. We saw that the magnetic field
decreased from the top to the middle by a factor of 1.03. This indicates that, in the
middle of the beam tube : B[T]=6.97 x 10 I[Al].

The experimental coefficient differs from the theoretical value by less than 10%.
Consequently, throughout this report, we will use the relation :

B[T]=7x10"1[A] (2.1)
We also measured the profile of the magnetic field in the middle of the

spectrometer. This profile is plotted in Figure 2.1. The abscissa is distance in the
direction of propagation of the beam. The abscissa zero is the middle of the iron length.

Profile of the magnetic fleld In the spacimmater
in the direction of propagation of the beam

LI H
NI AL PY R LIPS IR I

T oB{Gausgy

20

Figure 2.1. Profile of the magnetic field in the spectrometer



3/ ENERGY AND ENERGY SPREAD

Energy measurement : principle [Ref 3, p. 61]

We used the definition of the magnetic rigidity in the spectrometer magnet to
obtain the beam energy :

P[GeV /c]= X (Bp)[T. )
[GeV/el= 33356 < (BPIT-ml G-
using p=40.2 cm and equation (1), we get :

P[MeV/c]=084xI[A] (3.2)

where I is the current required in the spectrometer to obtain a horizontally narrow
image of the beam on the YAG screen located in cross 6.

Enerey spread measurements : principle Ref 3. p. 91

We used the dipole to measure the energy spread. A particle's path through the
dipole depends on its momentum. If we consider that the phase advance is the same for
all the particles, the horizontal spread can be written as the sum of 2 terms :

X (s)=1] B(i s D (s)5,

with : *€, = geometrical emittance

AP
0.« = — = energy spread of the beam.
0
°D.(5)=T

For a dipole with angle 0, the T,; coefficient of the transport matrix to a screen
located at a distance L. downstream is:

T3 =[p(1—cosB)+ Lsin0]




We have : °*p=40.2 cm

.ez%

* L = the distance between the end of the magnetic field
~and the screen = 26.1 cm

So that: - |Dy(s)=T; =0.302

In order to obtain the energy spread 0., from x . (s), we need to minimize
the B(s) function. To minimize this function, we need a horizontal focus in cross 6. We

have two options :
* We can neglect the B(s) function, in which case :

8 e Xmax Xmax

ma =7 0,302

* We can simulate the beam envelope using Trace 3D and obtain a value of B(s)
and €, in cross 6. In this case :

5 = [Xmax _ [Bls)e, }( 1
T 0.302

Experiment and results

We focused the beam horizontally on the YAG screen in cross 6 and we
recorded 10 images of the beam spot. The intensity in the dipole to focus the beam was
5.6 A. The images are located in the folder Energy/energy spread_12/17/97 with the
- name cross5_energy_5.6A#00 to ##10. We present in Figure 3.1 the beam intensity
profile from the image cross5_energy_5.6A#09. We fit the beam to a Gaussian

- distribution.

- Equation (3.2) gives us a beam energy of :

E=4.73 MeV




From the Gaussian fit shown in Figure 3.1, we obtained the width o, of the
beam : G,=17.787 pixels. The calibration of the screen in cross 5 gives 1pixel = 0.13
mm which gives 0,= 2.32 mm.

« Neglecting 3(s)

~2.32x107
0.302

=7.68x107°

e Using Trace 3D

A simulation of the beam envelope with Trace 3D gives in cross 6 |
B(s)=0.49 mm/ mrad and €, =1.05 Tmmmrad, so that :

=3
10 =5.31x107°
2

8=[2.32-~0.49x1.05]x -

1.2 103 3 y = mi+m2*exp(-{{m3-MOY2/(2...
Value Error
1.010° | 102.16|  14.897
i 879.94 17.518
o F 52.514| 0.31868
@ 8.010° r 17.787| 0.51671
o) - 4.1121e+05 NA
€ 6.010° ~_0.98072 NA
o
O i
- 4.010°
2.0 10°
0.0 10° i i
0 20 40 60 80 100 120

Pixels

Figure 3.1. Profile of the beam in cross 6 (energy and energy spread)
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|4/ _EMITTANCE

4.1. _Quadrupole Scan Measurement

Principle

We used a quadrupole to focus the beam horizontally and vertically on a screen
located at a distance L=163 cm from the quadrupole.

- If we consider the quadrupole as a thin lens of focal length f, the matrix of the beam at
the screen (G;) can be related to the matrix of the beam at the entrance to the

quadrupole (0,) by:

4.1

5, = To,T' = [ (xx) (xx') }

(x'x) (x'x)

T is the transport matrix between the quadrupole and the screen. Putting in T, we

obtain:
(M-L/f L B, —o, \([1-L/f —1/f .
T\ e 1)\ %oy 7. L 1 *2)

where 0y, [y, and Y, are the Courant Snyder parameters for the phase-space elhpse at
the entrance to the quadrupole and €, is the geometrical emittance.

From (4.1) and (4.2), we obtain, taking k ={~ -1

02 =(xx)= (egBO - 2008 L + agyoLz )
+(2.<3goc0L2 —2¢,B,L )k

+(£gBOL2)k2

The curve Gi = f(k) is thus a parabola, and the coefficients can be written as:

10



2y = £,Bp — 20€ L +8,7,L?
a, = egﬁ0L2

This parabola can be produced experimentally by observing the beam spot size on
the screen while varying the strength of the quadrupole. The parameters O, By, and

€, can be related to ay, a;, and a, :

_ 2a,
Bo="5
o = 2a, +La,
0 PL
P
€

ETE
with: P =+/4aja, —a]

The above analysis doesn't take into account space charge forces or other
perturbative effects such as geometric or chromatic aberration. In the AO
photoinjector, the space charge alone makes this model inaccurate.

To include the space charge forces and the other effects, we used the program
Trace 3D. We assumed that for fixed energy, charge, frequency, and drift length L,
there is only one set of parameters (0y, g, €,) that fits the curve o2 = f(k).

-Experiment

We used 10 pulses of charge 1.2 nC each. We measured the beam energy after the
experiment with the spectrometer magnet using the method described in §2, and we
found an energy of 4.52 MeV (spectrometer current = 5.321 A, image =
Emittance/emittance with quadrupole scan/sp_10p_1.2nC_5.321A/).

We did a quadrupole scan using the second quadrupole, with the first quadrupole
degaussed and turned off. We scanned the current in the second quadrupole from -4

11



Amp to +4 Amp and we recorded the images of the beam on the screen in cross 3,
located 163 mm from the quadrupole. We obtained 4 images with vertical focussing
(I=-4 Amp to -1 Amp) and 4 images with an horizontal focussing (I=1 Amp to 4 Amp).
For I=0 we didn't obtain a particular focussing. These images are in the folder
Emittance/ Emittance with quadrupole Scan/Quad_Scan 12/19/97.

To analyze these images, we assumed a Gaussian beam and determined the width o, for
each image. To obtain O‘i = f(k) we converted the quadrupole current into the k
coefficient using the following relations:

11 4
k==~ |m
; [m7]
R
with : f=——ryr—n—9—><~—Q- [m]
gL, B
where : e f = the focal length of the quadrupole
* L = length of the quadrupole [m]
e Ry = radius of the quadrupole [m]
e B = magnetic field [T]. For this quadrupole a previous study
showed that:

B[G]=—-1.003+92.54x1—0.05407 x (1) - 0.1321 % (I*)

with I being the intensity in Ampere set in the quadrupole :

In the present case : » E=ymc* = 4.52 MeV
*Lo=7.6cm
* Ro=18cm

The curves Gi = f(k) and (Sg = f(k) are plotted in Figures 4.1 and 4.2. The fit

of the curves by Trace 3D is given by the dotted line. We tried first to use the relation
between the coefficients a,, a;, and a, of the parabola 62 =f(k) we obtained
experimentally and to find the coefficients Olxy, By, €, via the model we described

above (without space charge).

12



Results using the coefficients of the parabola (without space charge)

The fit of O'i = f(k) of Figure 4.1 gives : °a, =46.779 mm?
a, =—10822 mm’
a, =6.3629x10°  mm*

@

L]

Olyp = 262.41
Byo =912.635 mm / mrad

ExoN = 2.32x107" wmm. mrad

and using the relations above we obtain :

As expected, these results are not credible and we have to use Trace 3D.

Results using Trace 3D

The coefficients which fit the curve 62 = f(k) are: *Olyxo =—19
*Bxo = 40 mm / mrad
*€x .y = 9.14 Tmm. mrad

where €y, y is the normalized geometrical horizontal emittance.

The coefficients which fit the curve G? = f(k) are *Olyg = 3
*Byo =40 mm/ mrad
*€y N = 0.80 Tmm. mrad

where €y, y is the normalized geometrical vertical emittance.

13
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4.2. Slits Measurement

We tried to measure the emittance by placing a slit probe in cross 2 and
observing the beam in cross 3. The slit probe consisted of tungsten slats, each 6 mm
wide, with 10 Wwm gaps between them. :

All the data we obtained are in the folder Emittance/emittance with slits. We were not
able to observe more than 3 slits working with 2 nC and 10 pulses (folder 12/19/97).

Figure 4.3, a simulation of the beam with PARMELA, shows that the slits
(represented by the vertical line at 142 cm from the cathode) were not located in a

waist. Due to the low angular acceptance of the slits | O = 10 =1.7mrad | we
6000

needed to be at a waist in order to observe more than 3 slits and in order to have a
reliable value of the emittance. As a result of this fact, we didn't analyze the images
obtained by this method.

Spot Radius vs. £

! ; i ; .
40 /so 80 100 120 140 160 180
~

Figlire 4.3. Position of the waist relative to the slits (PARMELA)
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5/ INTENSIFIED CAMERA

The Intensified CCD camera allows us to observe single bunches. We did three
experiments with this camera using bunches separated by 1 Us in trains separated by 1
second.

The beam was observed on an OTR (Optical Transition Radiation) screen in cross 3.
Some figures presented below show the intensity of the beam; the units for the intensity
(counters) in these figures are given in Section 6.

5.1. First Experiment : 11/25-26/97

In this first experiment, we wanted to see the evolution of the intensity of each
bunch in one train and the evolution of the dark current during the RF pulse.

On 11/25/97 we worked with 16 bunches and 1nC per bunch. We recorded 25
images in one RF pulse to have the 16 bunches and some values of the dark current
before and after the bunch train. These images are in the folder ICCD 11/25/97 with the
names bis#00 to ##24.

Figure 5.1 shows the intensity (with dark current) of each image. We can see that
the first bunch appears at 3us, followed by the missing second pulse, and the fourteen
others.

On 11/26/97, we worked with 15 bunches and 1nC per bunch. We recorded 26
images of the dark current. Theses images are in the folder ICCD 11/26/97 with the
names dark all time ##00 to ##25. The intensity as a function of time is shown in Figure
5.2.

Interpretation

In Figure 5.2, we see an increase in the intensity of the dark current during the
RF pulse. This is because we accelerate the first bunch before the cavity reaches its
equilibrium field level. This also explains why the first bunch in Figure 5.1 appears half
as intense as the other bunches.

17
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5.2. Second experiment : 12/1

In this experiment, we wanted to see the evolution of the first bunch for 20
different trains (trains separated by 1 sec). We used 16 bunches (Figure 5.3) and we
recorded the first bunch in each of 20 trains. We repeated this experiment 5 times for 5
different values of the charge measured with ICT1. Theses images are in the folder
ICCD 12/1 with the names singlepulsel to singlepulses5.

* Figures 5.4 and 5.5 show the evolution of the center of mass (respectively X
and Y) as a function of the charge (with dark current).

¢ Figure 5.6 shows the evolution of the intensity as a function of the charge (with
dark current).

* Figures 5.7 and 5.8 show the evolution of the widths ¢, (RMS X) and o,

(RMS Y) as a function of charge ( with dark current). The lowest value of the charge is
not shown.

Interpretation

* In Figures 5.4 and 5.5, we can see a motion of the center of mass as a function
of the charge. The motion seems linear for both X and Y.

* In Figure 5.6, we can see a linear increase in the intensity as a function of the
charge, as expected, since the length of the bunches doesn't change when we vary the
charge.

* In Figures 5.7 and 5.8, we can see an increase in the widths G, and O, as a

function of the charge. Indeed, the space charge forces increase with the charge per
bunch and produce an increase in the transverse dimensions of the beam.
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5.3. Third experiment : ICCD 12/9

In this experiment, we wanted to analyze the evolution of all the bunches in the
train. We worked with 15 bunches and 1nC per bunch. We recorded the first bunch in
each of 20 different trains and we repeated this process for the second bunch (missing)
of another 20 trains, continuing through the fifteenth pulse. We recorded also some
images before and after the train to get some values of the dark current. These images
are in the folder ICCD 12/9/97 /iccd stability / 6094#00 to 6118#19.

e Figure 5.9 shows the intensity of each bunch (with and without dark current).

* Figure 5.10 shows the intensity of the dark current i.e the same experiment as
for Figure 5.9 but without the beam.

* Figure 5.11 and 5.12 show the evolution of the center of mass in X and Y
respectively, for each bunch (dark current subtracted).

e Figure 5.13 shows a close-up of Figure 5.11 from the third bunch to the
fifteenth bunch.

» Figure 5.14 and 5.15 show the evolution of the width o, (RMS X) and o,
(RMS Y) for each bunch (dark current subtracted).

Interpretation

* Figure 5.9 and 5.10 show an increase in the dark current during the RF pulse.
As we saw in § 5.1, the reason is that we accelerate the first bunch before the cavity is
completely filled.

* The measurement of beam intensity (Figure 5.9), center of mass in X (Figure
5.11 & 5.13), center of mass in Y (Figure 5.12), all exhibit a 250 kHz (4s) oscillation.
These observations are consistent in that oscillations in beam intensity logically lead to
oscillations in the beam's transverse position. A plausible explanation for the intensity
oscillation is a 250 kHz amplitude modulation on the low-level RF drive to the klystron.
The source of this modulation is not known at this time. Measurements will be
necessary to locate the source, and a fix will have to be implemented.
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* The last two Figures (5.14 and 5.15) show an increase in the beam size in the

_train. Indeed, the last bunches are larger in their transverse dimensions than the first
one.
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6/ SCREEN CALIBRATION

In this experiment, we wanted to analyze the saturation of the YAG screens
located in crosses 5 and 6. These screens are described in § 1. We worked with 6
different values of charge per bunch, from 1.96nC to 10.59nC. During all the
experiments, we didn't change any parameters of the photo-injector other than the
energy of the laser (to adjust the charge). For each value of the charge, we recorded 50
images of the beam in cross 5 and cross 6 with a CCD camera. These images are located
in the folder SCREEN CALIBRATIONY/ screen cross 4 (or 5)/ images cross 4 (or 5).

The size of each image is 107300 square pixels, and each pixel has an intensity
between 1 (black) and 255 (white). We used a Labview program to analyze the images.
To obtain the net intensity on the screen this program multiplies the mean intensity of
the pixels by 107300. Figures 6.1 and 6.2 show the total intensity on the screens
(screens 5 and 6 respectively) as a function of the amount of charge. ‘

It can be seen that the total intensity on the screens is not linearly dependent on
the charge. The main reason for this is that the beam size depends on the charge; a beam
with less charge illuminating a large fraction of the screen can produce an intensity less
that a beam with high charge illuminating a small part of the screen. Non-linearities in
the CCD camera may also contribute to the problem.

We can conclude that this kind of experiment can't be used to determine the
saturation threshold of the YAG screens. To do this, we need to vary the charge
independently of the beam size. A solution may be to use a radioactive electron source
- (about 5 MeV), to put some collimators after this source to have a constant beam size,
to illuminate a screen with this beam, and to image the spot with a CCD camera.
Moving the radioactive source will change the electron flux on the screen while the spot
size remains constant. Such experiments were done at Brookhaven.
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Figure 6.1. Intensity in screen 4 for different charges
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7/ CHARGE MEASUREMENTS WITH ICT’s AND FARADAY CUPS

In this experiment, the charge per bunch was measured with ICT1, ICT2, and a
Faraday cup. |

7.1.  Faraday Cup Measurements

The charge per bunch can be measured destructively by intercepting the bunch
with a “Faraday cup” and integrating the current directly. Faraday cups were placed at
the end of both the straight and bent beam lines, after Crosses 5 and 6, respectively.
The Faraday cups are sketched in Figure 7.1. Although quite different in hardware,
both Faraday cups were intended to be electrically similar. As can be seen, in neither
of the Faraday cups is the characteristic impedance matched between the incoming beam
and the signal cable. Thus, there is the possibility of reflections and some distortion in
the temporal structure of the bunch (additional distortion can be expected to occur as
the signal pulse travels through the cable to the scope or integrator). Since the electrons
are intercepted by a blank-off flange, we sometimes refer to these devices as “Faraday
flanges.”

Although a Faraday cup provides a direct measurement of the current, there are
sources of systematic error. One source of error is secondary emission, i.e. low-energy
electrons that are released from the Faraday cup when the high-energy electrons hit the
surface. Since the secondary electrons are not generally collected, this results in an
underestimate of the current. This problem can be cured by shaping the Faraday cup in
such a way as to prevent the escape of secondary electrons. Another possibility may be
to bias the Faraday cup. Neither of these cures was tried. Another possible source of
error is transmission of the incident electrons through the Faraday cup. It is estimated
that this was not a problem for the present measurements [4].

The hardware shown in Figure 7.1 was intended for measurements of the short
photo-current bunches [5], although the dark current was also measured. The Cu shim
of Figure 7.1a was intended to minimise the stray inductance. The resistors were
intended to reduce the effect of the leads to the cable and decrease the peak signal
voltage.

A simple circuit model for the Faraday cups is shown in Figure 7.2a. The beam
current is represented by a current source Iy (t); a voltage V (t) is measured on the
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scope, which is terminated with Rg = 50 Q. The reality of several parallel resistors
distributed along the circumference of the flange is represented by a single resistor R.

Figure 7.2b shows a more complicated circuit model which includes a stray inductance
Lg and a stray capacitance Cp. In the case of the simple circuit (Figure 7.2a), the

beam current is related to the scope voltage via

Rg+Ry+R
I(1)=—S—E 35V ()=Ye V(1) (7.1)
RsRg
where Yg- = Re ;Rg *+Rs . Integrating over time, we get
siG |
+o0 +oo
[I,(dt =Yg [V (t)dt | (7.2)

In the case of the more complicated circuit (Figure 7.2b), Equation (7.1) is not
valid. However, if the voltages and currents are zero at the beginning and the end, as is
the case for a pulse of beam current, Equation (7.2) is also applicable to the complicated
circuit. Thus, if we take the area of the voltage pulse measured on the scope, we do not

need to take into account the stray inductance and capacitance.! So we can deduce the
charge Q, per bunch via

Qp =Yg [V (D)dt (7.3)

We also expect that, by using the area of the Faraday cup signal, we can minimise
the effect of the cable attenuation on the result (see § 8.1). The background area, if
any, must be subtracted, however.

For the Faraday cup in the straight beam line (FC1), it is believed that we had
Ry =500 Q and Ry = 50 Q; for the Faraday cup in the bent beam line (FC2), we

believe we had Ry = 521 Q and Ry = 48 Q (the latter consisting of five parallel

I However, the capacitance and inductance form a resonant circuit, which opens up the
possibility of unwanted ringing in the Faraday cup signal for an unhappy combination
of Ly, Cg, and R.
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Figure 7.2. (a) Simple and (b) complicated circuit models for a Faraday cup.

resistors, each 240 Q). With a scope impedance Rg of 50 Q, we obtain Y- = 0.24
Q7! for FC1 and Yge= 0.258 Q' for FC2. No checks of the performance of the

Faraday cups have been done, however.

7.2. ICT Measurements

The charge per bunch can be measured non-destructively with integrating current
transformers (ICT’s) [6]. Commercially-available ICT’s of French manufacture were
used [7]. ICT1 (serial number 242) was at the exit of the gun; ICT2 (serial number
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219) was between Cross 2 and Cross 3. The model number for both ICT’s was ICT-
122-070-20:1. ;

As shown schematically in Figure 7.3, the ICT consists of a toroid placed outside
the vacuum chamber. A pulse of current passing through the toroid produces a signal
pulse; in principle, the integral of the signal voltage over time is proportional to the
charge in the current pulse. The beam’s image current travelling along the beam pipe
must be diverted around the outside of the toroid by interrupting the conducting beam
tube with an insulating ceramic and providing a path for the image current to travel
outside the toroid (see Figure 7.3). Cu tape was used to do this in the present
experiments, although a more complete shield is recommended [7] to minimise noise -
pick-up.? '

The turns ratio is 20 to 1 for both ICT’s. If the input impedance of the scope (or
integrator) is 50 €, the net impedance seen by the signal (internal plus scope) is 25 €2.

2 In future experiments, the ICT shielding will be done via a piece of Cu shim with ends attached to the
beam tube by hose clamps.
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In this case, the theoretical relationship between the charge Qy, in the bunch and voltage
pulse V (t) from the ICT is [7]

Fioo
Q, =Y, [V ()t (7.4)
with
20 .1 0.8C
Y,=—=08Q™ = 7.
¥ 250 V.s (7.5)

The above applies for input pulse durations of up to about 2 pus. For input pulses
longer than about 2 s, there is droop in the signal pulse (due to the internal capacitance
of the toroid) and Equation (7.4) is not applicable. The ICT’s were checked with a
pulse generator, as will be described in Section 8; the outcome was that Equation (7.4)
is valid for photo-current measurements, provided the background is subtracted and, in
the case of ICT1, provided the solenoid fields do not saturate the ICT.

7.3. Experiment

Comparative measurements of the ICT1, ICT2, and FC1 signals were done for 1
bunch on 2 October 1997. The solenoids were operated at reduced field, with the hope
of getting an accurate reading from ICTI1: the current was 80 A in the primary
solenoid, 97 A in the secondary solenoid, and 59 A in the trim solenoid. An example of
the scope traces is given in Figure 7.4. As expected, the duration of the signal pulses is
long compared to the bunch length, since it is determined by the response time of the
device and the distortion from the cable. The negative area of the Faraday cup signal is
consistent with the negative charge of the electron bunch; the ICT signal areas are
positive because the ICT’s were installed backwards.

The area of the signal pulse was obtained directly with the scope, after averaging
over a number of RF pulses. The same bunch in the train was used on every RF pulse.
* The background area was not subtracted; this can be expected to produce some
systematic error, although the base-line levels for all 3 signals were quite close to zero
at the time of the measurements. Charge values deduced from Equations (7.3) and (7.4)
are given in Table 7.1. As can be seen, if we exclude the case in which the beam was
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Figure 7.4. Scope traces of the ICT1, ICT2, and FC1 signals produced by 1 bunch of
photo-electrons. The horizontal axis is time (10 ns per division). The laser pulse signal
is also shown.

scraping the beam tube, the measured values of the charge per bunch from the 3
different sources agree within 12%.

7.4. _Summary

To measure the charge per bunch with one of the Faraday cups, we want to take
the area of the Faraday cup’s voltage signal, with 50 € input impedance for the scope
or integrator, and subtract the background area. We obtain the charge via Equation
(7.3), using Ypc = 0.24 Q! for FC1 (at the end of the straight beam line) or Y =

0.258 Q™' for FC2 (at the end of the bent beam line).
To measure the charge per bunch with one of the ICT’s, we want to take the area

of the ICT’s voltage signal, with 50 € input impedance for the scope or integrator, and
subtract the background area. We obtain the charge via Equation (7.4), with Y, = 0.8
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Table 7.1. Measurements of the charge per bunch with the ICT’s and FC1.

Charge per bunch [nC]
Time | ICT1 | ICT2 | FC1 | Comments
14:43 | 0.054 | 0.056 | 0.053
15:24 | 0.242 | 0271 | 0.259 | data from Fig. 7.4
17:18 | 0.180 | 0.194 | 0.191
17:48 | 0.912 | 0.360 | 0.326 | after laser alignment; scraping
18:18 | 0.475 | 0471 | 0.442 | after steering

Q7! In the case of ICT1, the magnetic field of the solenoids must be small enough to
avoid an effect on the ICT signal.

Under favourable circumstances, the measured charge per bunch was consistent
up to 12% between ICT1, ICT2, and FC1.
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8/ ICT CALIBRATION

As described in § 7.2 and shown in Figure 7.3, the charge per bunch was
measured with two ICT’s. The ICT’s were also used to measure the dark current
produced by the RF gun. The behaviour of the ICT’s was checked with a pulse
generator, as will be described in this section.

8.1. Measurement of the Photo-Current

The duration of the photo-current bunch is not known precisely, but it is believed
to be between 1 and 10 ps, depending on the laser pulse duration and the longitudinal
emittance growth due to space charge. Thus Equation (7.4) is valid. The ICT signal
produced by a photo-electron bunch is shown in Figure 8.1. As can be seen, the
duration of the signal pulse is much longer than 10 ps. This is consistent with the
manufacturer’s specification [7], which is that the frequency content of the ICT signal is
independent of the input pulse duration if the latter is less than about 5 or 10 ns, and
that the signal pulse has a rise time of about 20 ns under these circumstances (with a2 6C
duration of about 70 ns). Since the time interval between successive bunches within one
train is 1 us, there is ample time for the signal pulse from one bunch to decay before
the arrival of the next bunch.

The voltage signal was integrated either “by hand” from the printed scope trace
or via the signal integration capability of the digital scope. There is typically an offset
or background signal (as can be seen in Figure 8.2, for example) due to dark current,
cross-talk with the modulator, or what-not. In the case of integration by hand, the area
of the signal alone can be calculated; in the case of integration with the scope, the
background must be subtracted explicitly.

Calibration Checks with Pulse Generator

The ICT’s were checked with a pulse generator using the scheme shown in Figure
8.2. The pulse from the generator passes through the ICT and is viewed on a scope,
along with the signal pulse from the ICT. A scope input impedance of 50 2 is used for
both channels. In the configuration shown in Figure 8.2, the measurement can be done
without disrupting the vacuum system. If the ICT is not already on the beam line, the
actual geometry can be better approximated by including a short section of beam tube
with ceramic break, connecting the ground wires to the beam tube, adding a conducting
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Figure 8.1. Scope traces of the ICT signal produced by 1 bunch of photo-electrons
(top) and the laser signal (bottom). The horizontal axis is time (50 ns per division).
The vertical axis is voltage (20 mV per division for the ICT signal). The zero volts
level is indicated by the bar under the “4” on the right edge of the display.

path for the image current, and passing the inner wire through the beam tube (cf Figure
7.3). The transition from coaxial cable to wire can be made abruptly (adapter from
BNC to alligator clip leads) or more smoothly. In the case of an abrupt transition,
there is the possibility of some reflection of the drive pulse between the generator and
the scope.

A series of measurements were done on a third ICT (serial number 291) with a
pulse generator to check the behaviour. A ceramic break and Cu tape were used to try
to mock up the actual geometry, as sketched in Figure 8.3. Figure 8.4 shows the ICT
signal pulse produced by a drive pulse with a duration of about 2 ns. The drive pulse is
also shown, both sent directly to the scope (the “direct” pulse) and sent through the ICT
first and then to the scope (the “through” pulse). As expected, the rise time of the

40



puLsE
GENERATOR

Ju ==

DRive PULSE

TORGID

=

OSCILLOSCOPE

A
£ § S———

N

SIGMAL PULSE
< )
TRANSMITFED PULSE

Figure 8.2. Configuration for checking an ICT with a pulse generator.

PRI S LR

$1.6 WAL
Cu TAPE
Ciu TAPE
{7or s BOTPOMY i“fmre:-e
YA (F-F)
NN/TIAN
SFEEL
Rop
PAPER
Cowng TOR0ID

FURE
VACUUM FLANGE ( STAINLESS STEEL)

Figure 8.3. Scheme for pulse generator measurements with reduced reflections.

41



5-Dec-98
20:86:02

{i: Average(d)
28 ns
1.08mV ~

—1880 swps’ | / \\

B :Average (2
28 ns

8.58 V d/
— 10088 suwps A
fi:Average(2) ':}& -

F I T - )

Ty

S
¢ I T T 1 | T T - | beddond
LI I ) Ty LIRS BN I )

20 ns
.58 VvV

— 16808 swps’

0L OO TS SO I W S A 1 Lot
LI LI I ) L 2 S O I I O I |

1 disasbled

2 .2 3 500 2 GS/s
2 m 500 l Ext DC -418mV 1M

4 dissbled 0 NORMAL

Figure 8.4. Scope traces of the direct pulse (bottom), through pulse (middle), and
ICT signal pulse (top) for a drive pulse duration of about 2 ns. The horizontal axis is
time (20 ns per division); the traces are averaged over 1000 sweeps.

signal pulse is of order 20 ns. The ICT signal pulses produced with 4 different drive
pulse lengths are compared in Figure 8.5. As can be seen, there is very little difference
in the shape of the signal pulse for drive pulse lengths between 2 ns and 15 ns. This is
consistent with the manufacturer’s specifications that the frequency content of the signal
is independent of the drive pulse length for drive pulses shorter than 5 or 10 ns.

To check the calibration of the ICT, the areas of the signal and drive pulses were
measured for different drive pulse lengths. The area was obtained directly with the
scope, with subtraction of the background area. The results are shown in Figure 8.6.
The area of the drive pulse is slightly smaller after it travels through the ICT,
presumably due to reflections. This represents an uncertainty in the measurement---the
area of the pulse that actually travels through the toroid can be expected to be -
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somewhere between the areas of the direct and through pulses. With this uncertainty i
mind, the measurements are consistent with the theoretical relationship of Equation 7.
represented by the solid line in Figure 8.6. The ratio of signal pulse area to drive pul
area is relatively constant over the measured range of drive pulse lengths (2 ns to ¢
ns).

Measurements were also done with simple BNC to alligator clip transitio:
without any attempt to mock up the geometry of the beam tube. Figure 8.7 sho
various signal pulses produced by holding the wires in different positions. The sig
pulse is significantly distorted, although the area of the signal pulse does not cha
much. Somewhat larger distortion in the signal was seen with ICT2 (serial num
219). Nevertheless, the ICT’s can be checked in situ with just alligator clips; it is
necessary to mock up the geometry in order to check whether the toroid is working.
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Cable Attenuation

The pulse generator measurements described above were done with a short cable
from the ICT to the scope, namely an RG58 cable with a delay of 8 ns and BNC
connectors. However, for photo-current measurements, relatively long cables are
required to bring the ICT signals from the bunker to the scope outside. The long cables
were also RGS8, which has a relatively high attenuation per unit length. Measurements
. were done to quantify the effect of the cables on the ICT signal pulse.

The length of the cables was determined via an S,; measurement with a network
~ analyser. The cable delays were deduced to be 225.3 ns for the ICT1 cable and 225.8
ns for the ICT2 cable.

Cables of type RG58 of about the same length were used for the Faraday cup
signals. The present discussion will therefore also apply to the Faraday cups.
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Frequency Domain

The individual attenuations of each of the two cables could not be measured
easily, since the cables were already installed in cable trays. Instead, the attenuation of
the 2 cables in series was measured by connecting them together inside the bunker and
connecting the other ends to a network analyser outside the bunker. Figure 8.8 shows
an S,, measurement of the 2 cables. As expected for RG58 cable, the attenuation
increases rapidly with frequency. Since the rise time of the signal pulse is of order 20
ns, its frequency spectrum exceeds 50 MHz; the cable attenuation can therefore be
expected to have a significant effect on the pulse. To quantify this, let us consider three
different approaches.
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Power Measurement If we measure the power, that is to say the energy in the
'signal pulse, the effect of the cable is to reduce the power by a factor Fy;. If V,(t) is

the voltage as a function of time for the pulse emerging from the ICT and V,(t) is the
voltage of the pulse after travelling through the cable, then '

o0

Hvz(t)]z dt
Fy =32 | 8.1

+oo

[[Vi] at

—_—

Using the Parseval Theorem and the definition of S,;, we obtain

JISa @)V (@) do

Fy = (8.2)

[V (@) do

o £}
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Peak Measurement If we measure the peak voltage of the ICT signal pulse, the
effect of the cable is to reduce the power by a factor F,. If t; and t, are the times

corresponding to the peaks in V,(t) and V,(t), respectively, then

RACGEE
FP = sz(t;) | (8.3)

Expressing V,(t) and V,(t) in terms of their Fourier transforms, and using the
definition of S,;, we can write

e
[S21 @)V, (@)e**2dw
FP == +o9 ) : (84)
[Vi(@)e1do

Area Measurement If we measure the area of the ICT signal pulse, the effect of
the cable is to reduce the area by a factor F,, with |

J‘ V,(t)dt |
F,=— 8.5)
Jvimae V

Expressing V,(t) and V,(t) in terms of their Fourier transforms, using the definition
of S,;, and using

j e“dt = 28(w) (8.6)

we obtain

F, = S,,(0) (8.7)
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Interpretation  We see that we can expect the energy per pulse and the peak to

decrease significantly as the signal pulse travels through the cable. The area of the

pulse, on the other hand, is predicted to be invariant if the cable attenuation goes to 0
(i.e. S;,; —1) in the limit of ® —0 (as can be seen in Figure 8.8, this is approximately

true in the S,; measurement; S,; is near 0 dB at low frequency). The notion that the

area is affected only by the transmission of the cable at ® = 0 may seem counter-
intuitive. It actually makes sense, however---by taking the area of the signal, we are
taking its average value, and the average value of a signal is always zero, except for the
part for which ® =0.

Time Domain

The effect of an RG58 cable on an ICT signal pulse produced via the pulse
generator was checked with a cable that was different from the cables used for the
photo-current measurements. The measurement consisted of comparing the ICT signal
pulse going through the long cable to the ICT pulse going through a short cable (8 ns).
The delay of the long cable was measured to be about 400 ns, making it almost twice as
long as the original cables. The attenuation as a function of frequency was also
measured, and found to be slightly larger than that of the 2 original cables in series.

Moreover, the DC resistance of the inner conductor was measured and found to be 3 €;
using a simple model for the DC behaviour, this corresponds to S,;(0) = 0.971. We

can therefore expect S,;(0) to be in excess of 0.98 for the original cables used for the
photo-current measurements.

The signals from the long and short cables are compared in Figure 8.9. The long
cable has the effect of decreasing the peak and stretching out the length. The long cable
also eliminates the slight under-shoot at the end of the ICT signal. Measurements were
done for a number of different drive pulse lengths; the ratio of areas and peaks are
shown in Figure 8.10. Consistent with the frequency domain analysis, the peak
decreases by almost a factor of 2 as the signal travels through the cable. Also consistent

with the frequency domain analysis and Equation (8.7), the area is almost unaffected.
Figure 8.10 has enough noise to be consistent with both an ideal case of S,;(0) = 1 and

the measured value of S,,(0) = 0.971. Thus, if we take the area of the ICT signal, we

hardly need to correct for the cable attenuation. If we take the peak or the energy per
pulse, on the other hand, the cable matters.

The duration of the Faraday cup signal is shorter than that of the ICT (as can be
seen in Figure 7.4). To check the effect of the cable attenuation on a shorter pulse, the
above measurement was repeated with the drive pulse travelling directly through a long
or short cable, without the involvement of the ICT. The FWHM of the pulse was about
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Figure 8.9. Scope traces for the through pulse (bottom), the ICT signal pulse after
going through the short cable (middle), and the ICT signal pulse after going through the

long cable (top).

2 ns (the shortest that could be produced by the pulse generator). As expected, the long
cable produced a significant reduction in the peak voltage and a significant increase in
the pulse length. The measured ratio of areas between pulses transmitted through the
~ long and short cables was 0.984, which is consistent with the ICT results (Figure 8.10).
The measured ratio of peaks was 0.177, which is significantly smaller than for the ICT
signal pulse. Again, the results are consistent with the frequency domain analysis,
which suggests that we can use the area of the pulse with little error due to the cable

attenuation.

49



1.2

1 I [ R I i I
42 - _
= o
[
S = O = 5y
o -1
85 — i
£ oo | e
2 o <
B0 O
= — & & -1
o) o &)
i - & RN
1) ‘”’
[ - -
*E“b o
E ST ) Sk
ey o Ratio of areas m
o - . 15
o © Ratio of peaks 3
.8 N 15
> £l
B o
o i i k3 ‘ L 1 ] i E i i 1 i l i 1] i ] i i 1 i i3 l ] 1 1 E i i I 1 ‘ L H
0 10 20 30 40

Through Pulse Length [ns]

Figure 8.10. Measured effect of the long cable on the area and peak of the ICT
signal. -

Consistency between Different Toroids

Although detailed pulser measurements were done only on one ICT (serial
number 291, not yet used for photo-current measurements), some quick pulser
measurements were done on other ICT’s to check for consistency. The measurements
on ICT1 (serial number 242) and ICT2 (serial number 219) are summarised in Table
8.1. The ICT’s were already installed on the beam line, so alligator clip transitions

were used. In the first round of measurements, the background areas were not
subtracted, although the YY values are within ~10% of the theoretical value of YY =

0.8 Q!. A second round of measurements was done with background subtraction,

albeit after the connector on ICT1 had been broken off. With background subtraction,
the Y, values for ICT2 are within 2% of the theoretical value. Since there is probably

some error in the alligator clip measurement, it seems reasonable to use the theoretical
value of Y, for ICT1 and ICT2.
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Table 8.1. Pulser measurements on ICT1 and ICT2.

Measured Y., [Q271]
Serial | without background subtraction | with background subtraction |
Number | direct pulse | through pulse direct pulse | through pulse
242 0.751
219 0.703
219 0.364 0.365 0.816 0.817

Table 8.2. Manufacturer’s calibration data for three of the ICT’s. The values of YY
were obtained by dividing the manufacturer’s Qin/Qout values by 50 Q.

Y, [0
Serial | Calibration { Time | Frequency | Droop
Number Date domain | domain | [% per ps]
219 Jul 1995 0.8014 3.87
242 Feb 1996 | 0.7941 0.7932 1.22
291 Sep 1997 | 0.8013 0.7979 2.88

As can be seen in Table 8.1, the results without background subtraction can be
significantly off. With the pulser measurements, the base level of the drive pulse is an
additional source of background. It is difficult to adjust the offset in the pulse
generator to make the base level close enough to zero to have no effect on the area. So
it is important to account for the background area in pulser measurements.

For comparison, the manufacturer’s calibration results [8] for the 3 ICT’s of
interest are given in Table 8.2. As can be seen, the values of Y, measured by the

manufacturer are all within 1% of the theoretical value of YY =08 QL.

8.2. Measurement of the Dark Current

The dark current depends on the electric field in the RF gun, so it has the
temporal structure of the RF pulse. The RF pulse duration is nominally 800 us, i.e. of
much longer duration than the photo-current bunch.3 The ICT’s are not designed to

3 In principle, we expect that the dark current is modulated at the RF frequency, since field emission from
a site on the surface of the gun occurs only during the half of the RF period. However, because of the
ICT's slow rise time (~20 ns) compared to the RF period (0.77 ns), we do not expect to see this
modulation on the ICT.
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measure pulse lengths in excess of 1 or 2 s, and their droop becomes significant for
pulses longer than that. Thus, the dark current measurement with the ICT’s is not
rigorous. Nevertheless, semi-quantitative information about the dark current can be
gleaned from the ICT’s. Additional measurements were done with the pulse generator
to check the behaviour of the ICT’s with long pulses.

Measurements with Pulse Generator

A drive pulse of duration of 100 pus was used to simulate the dark current pulse.
The ICT signal pulses produced with 2 different rise times of the drive pulse are shown
in Figure 8.11. As can be seen, the ICT signal has drooped almost to zero by the end of
the drive pulse; the trailing edge of the drive pulse produces a downward step in the
ICT signal, which then droops to zero again. The rate of rise of the drive pulse affects
the shape of the signal pulse. Since the 1/e decay time for the field in the RF gun is
about 2.4 us, the effect of the rise time and fall time of the drive pulse on the ICT
signal is of concern.

To quantify the afore-mentioned effect, the ICT signal was measured for
different rise and fall times of the drive pulse. In the actual dark current
measurements, the upward or downward peak in the ICT signal transient at the start or
end of the dark current pulse was recorded, so these were the quantities measured with
the pulse generator. The results are shown in Figure 8.12. The ratio of the peak in the
ICT signal to the current of the drive pulse is approximately constant for rise or fall
times up to about 2 ps, and is about 1.16 V/A; for longer rise Us fall times, the peak
starts to fall off due to the droop in the ICT. This is consistent with the manufacturer’s
specifications. \

This brings up the following question: what are the actual rise and fall times of
the dark current pulse? Although we generally expect the dark current to follow the RF
electric field level in the gun, the dark current rise and fall times can indeed be
somewhat shorter, since the field emission current increases non-linearly with the
electric field. Taking equal rise and fall times to be a worst-case scenario, we expect
the times to be about 6 s (the time required for the RF field to fall to 10% of its initial
level). Unfortunately, neither the rise time nor the fall time in the dark current ICT
signal was measured. However, the dark current as a function of time was measured
with the OTR screen and intensified camera, as discussed in § 5.1. According to Figure
5.2, the dark current rise time is of order 10 ps and the fall time is of order 2 ps. The
fall time is plausible, but the rise time is longer than we would expect, possibly due to a
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non-zero rise time for the forward power pulse from the klystron. If we take the
intensified camera results at face value, we infer from Figure 8.12 that the fall time is
short enough for the peak signal to be at is asymptotic value of 1.16 V/A, while the rise
time is long enough for the peak signal to be about 10% smaller than the asymptotic
value. Thus, it is preferable to use the trailing edge of the ICT pulse, although the
error for the leading edge is not very large. It would be worthwhile to repeat the
measurement of the rate of rise and fall of the dark current pulse in the future, both
with the intensified camera and with other methods.

Cable Attenuation

We saw in § 8.1 that the cable attenuation affects the height of the ICT signal
peak in the photo-current measurement. Since we relied on the peak in the ICT signal
for the dark current measurement, the effect of the long cable on this measurement is of
concern. To check the effect of the cable, the ICT signal was again sent through the
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Figure 8.13. Effect of a long cable on the ICT signal peak for a 100 pis drive pulse.

long RGS58 cable. Results for different drive pulse rise times are shown in Figure 8.13.
The long cable produces a reduction in the peak. The reduction remains between 4 and
6% for the entire range of rise times (4 ns to 20 pus). Since this long cable has about
twice the attenuation of the RG58 cables used for the dark current measurements, we
can expect the effect of the original cables to be about 2 to 3%.

8.3. ICT Saturation

ICT1 is within the sphere of influence of the solenoids used to focus the beam in
the RF gun. It was seen that the magnetic field of the secondary solenoid (the solenoid
closest to ICT1) had an effect on the signal of ICT1. To quantify this effect, the pulse
generator scheme (Figure 8.2) was used to measure the effect of the solenoid fields on
the signal pulse from ICT1. A 40 ns pulse from the generator was passed through ICT1
for different combinations of currents in the primary and secondary solenoids. Figures

8.14 and 8.15 show the ICT1 signal for the various combinations. As can be seen, the

signal is greatly reduced and distorted when the current in the secondary solenoid (I, )
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exceeds about 200 A. A current in the primary solenoid (Ipﬁ) of about 400 A also

produces a lot of distortion in the ICT1 signal. The distortion is aggravated by having
both solenoids on at the same time. During operation, I; and I are nominally of

order 300 A and 100 A, respectively, which is enough to affect the ICT1 signal
significantly. It is therefore necessary to turn off at least one of the solenoids in order
to obtain an accurate charge measurement with ICT1.4

The observation that ICT1 is affected by a magnetostatic field contradicts the ICT
manufacturer’s experience [7], which is that the magnetic field should at most increase
the droop rate by a factor of 2. It is clear from Figures 8.14 and 8.15 that the observed
effect for ICT1 is much more dramastic. In previous measurements at Argonne with
ICT2, however, no decrease in the ICT signal was seen in the presence of a magnetic
field. The manufacturer speculates that the explanation may be an anomalously high
relative permeability on the read-out core of the ICT1 toroid; the relative permeability
is about a factor of 3 higher for ICT1 than ICT2 [8].

8.4. Summary

Pulser measurements on the ICT’s allow us to draw the following conclusions for
the measurement of photo-current:

1. The area of the ICT signal pulse should be used. It is important to subtract the
background area.

2. It is acceptable to use the theoretical relationship, i.e. Equation (7.4) to calculate
the charge from the area of the signal pulse.

3. As long as the area is used, the correction for the cable attenuation is small (1 to
2%).

Likewise, for the measurement of dark current, we conclude that

1. The peak in the ICT signal at the beginning or end of the RF pulse may be used
when the RF gun field fills and decays normally; there may be some advantage
to using the end of the RF pulse. ‘

4 Tn the future, ICT1 will not be as close to the gun, so the influence of the solenoids on the ICT1 signal
may be lessened.
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2. For a normal fill or decay, the dark current I can be calculated approximately
from the peak V, in the ICT signal via

I=Y,[Vp] (8.8)

with

~—1 __ps60 (8.9)

Y
P 1160

3. For a normal fill or decay, the droop should produce at most a 10% error,
depending on the actual rise or fall time of the dark current.

4. For a normal fill or decay, the correction for the cable attenuation should be at
most 2 or 3%.

5. In the case of a slow fill (due to shaping the forward power pulse for the gun or
in the case of the superconducting cavity), the ICT signal will depend not only
on the current, but also on the fill rate.

6. It would be good to remeasure the rate of rise and fall in the dark current
signal.

For both types of measurements, the ICT1 signal is compromised if the solenoids
are at their nominal settings.
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9/ BEAM POSITION MONITOR

9.1. BPM system overview

The BPM is a button style pickup, with buttons which are 1 cm in diameter
located 3 cm radially from the center of the beam pipe. Each detector has four buttons,
a top and bottom pair for the vertical position measurement, and a left and right pair
for the horizontal position measurement. Without any extra front end processing, the
~ raw signal from each button goes into a bandpass filter centered on 53 MHz, followed
by log amplifiers. The difference Log(buttonl)-Log(button2) is then held for
sampling. The purpose of some of the BPM studies has been to investigate additional
processing of the raw signals before they go into 53 MHz filters.

9.2. Initial studies on basic functionality

The purpose of the first study was to verify the existence of a usable position
signal. It was possible to examine the sum and difference signal from a pair of buttons.
The sum signal, which should be proportional to beam intensity, was found to be linear
with the peak to peak voltage as seen on ICT1. The difference signal, which should be
proportional to beam position, and the sum signal were found to be independent. The
sum signal (beam position) was found to vary linearly with the current setting on the
upstream steering coil.

9.3. Studies on upstream signal processing

Three hardware arrangements were compared:

1. Original Ed Barsotti bandpass filter and log amplifier configuration.
Output of the button to a bandpass filter, followed by a mixer to bring the
signal down to 53 MHz before transport from the cave, followed by the
original Barsotti configuration.

3. Output of the button directly to the 53 MHz mixer, and then out of the cave to
the original Barsotti electronics.

It was found that the signal was maximized when (approximately) 1.6 GHz was
mixed down to 53 MHz. In other words, the response of the capacitive button pickups
is greatest around 1.6 GHz. The signal arriving at the processing electronics was
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largest with the mixer present, but without the bandpass filter, the insertion loss from
the filter being fairly large.

It was observed that there was significant modulation of the raw BPM signal at
1.3 GHz. A notch filter was put in which successfully removed this modulation.

10/ RF GUN PROPERTIES

We measured the resonant frequency, the cell-to cell coupling, and the passband
width of the RF Gun. The measurements were made on 1/30/98, one month after the

end of the experiments with the beam.
A Network analyzer (NWA) measurement of the gun TM;, passband is shown

in Figure 10.1.
A summary of the properties of the accelerating passband is given in Table 10.1.
We did not measure the temperature of the gun but we estimate that it was around

25°C. The pressure in the gun was 3.9x107*! Torr according to the ionization gauge.

Table 10.1. RF Gun properties

[Parameter {Unit |  Simulation | Measurement |
pi-mode frequency MHz 1300 1299.5055
0-mode frequency MHz 1297.154 1296.939
Coupling * % 0.2 0.2

The measured m-mode frequency is 495 kHz lower than expected. To explain the
difference, we thought first about the temperature of the gun.

Influence of the temperature on the gun frequency

The frequency of the T, mode for an ideal pill-box cavity is given by‘ the

relation (ref 9, p.110) :
f — pOI XC
010 R
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with : * Po; = 2.405
e c=3%x10° ms~
* R = radius of the pill-box
Because of thermal expansion, the temperature changes the radius of the cavity,
and hence the frequency. An increase of the temperature of the gun will decrease the
resonant frequency :

1

dfoi0n _ Por © dR _  po ¢ R ~_Po1 €
dT 2nR*dT  2xR> ° 2nR

with : e R=R_[1+a(T-T,)]
» ¢ = thermal expansion coefficient of copper
e R, = radius of the pill-box at temperature T,

For the AO photoinjector: *R =8.83% 107%m

*Olopper = 16.8 %107 mm/ mm °C at ambient temperature

This gives:

dT

(_—--df‘”‘”“ j =-22kHz/°C
Gun

A decrease in frequency of 495 kHz corresponds to an increase in cavity temperature of
about 23 °C. Such an increase in temperature is too large to explain the low measured
frequency of the m-mode .

We thought also that an incorrect placement of the photo-cathode could explain
this shift of frequency. Indeed, the photo-cathode we used had been placed in the gun in
the beginning of October and we didn't check whether if the gun was tuned.
Unfortunately, the cathode had been removed from the gun by the time we analyzed our
results.
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Figure 10.1. S;, measurement of the fundamental paséf)and of the RF gun.
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11/ DARK CURRENT '

The exposure of a material to a surface electric field lowers the energy barrier
and electrons can be emitted from the surface via field emission. Electrons can be
extracted from the walls of the gun through field emission. They can then be
accelerated by the RF field, and some of them may travel into the beam tube to become
a source of “dark current”. The field emitted electrons generally represent a nuisance
current; the electrons end up hitting the wall of the RF gun, the wall of the beam tube,
or the surfaces of other downstream elements. If they do not hit anything, they remain
a source of background current with a large temporal and momentum spread. The dark
current measurements on the RF gun will be described in this section.

Signs of multipacting in the gun during the fill or decay in the RF pulse were also
observed at times. The multipacting occurred for particular combinations of RF field
level and solenoid settings. The possibility of multipacting is probably a flaw that is
intrinsic to the geometry of the gun, but we can hope to avoid the multipacting via a
judicious choice of RF and solenoid fields.

11.1.  Theory

The emission current density for a surface in the presence of a constant electric
field was derived by Fowler and Nordheim [10]. From this relation, one can find an
approximate expression for the current emitted by a microscopic protrusion located on
a metal surface in an alternating RF electric field:

(Iew) = (BE,)™’ GXP(" ;gs ) 1.1

where e (IFN> = Fowler-Nordheim current averaged over 1 RF period
e E. = macroscopic electric field on the surface
s P
¢ B = field enhancement factor due to protrusion

° EG = Bin V2m3¢3
q

e
» ¢ = work function of the metal

* m, = electron mass = 9.1- 10 kg
¢ q, = electron charge magnitude = 1.6-107%C
« h = Planck constant = 6.62-107*J.s
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In this model of enhanced field emission, the electric field is magnified locally by
imperfections in the metal surface, and the field emission current is produced
preferentially at the site of the microscopic imperfections. The imperfections may be
microscopic whiskers or particles stuck to the surface. The [ factor is the ratio of the
microscopic electric field near the imperfection to the macroscopic electric field in that
part of the wall of the RF gun.

According to Equation (11.1), we should obtain a straight line by plotting

23

nf 1)

-1/B. This is the “Fowler-Nordheim” plot which allows us to determine the field

)as a function of E, /E_, and the slope of the line should be equal to

enhancement factor.

11.2. Experiment

The dark current produced by the RF gun as a function of field level was
measured periodically to see whether there was any decrease due to conditioning. The
value of the field enhancement factor 3 was also estimated.

Field Level Measurement

The field level in the gun was varied by adjusting the forward power supplied by
the klystron. The field level was inferred from the forward power as follows:

1. The peak forward power in the RF pulse was measured using a diode to sample
the signal of a waveguide directional coupler at the exit of the klystron. The
actual forward power was obtained via a calibration formula for the diode and a
coupling factor for the directional coupler.

2. The transmission through the circulator between the exit of the klystron and the
gun was measured in order to deduce the forward power that reaches the gun.
The measured power transmission factor with a matched termination of the
waveguide was 82.5%. Assuming unity input coupling, the forward power that
reaches the gun is equal to the dissipated power in the gun.

3. SUPERFISH [11] was used to obtain a theoretical value for the surface field

distribution and power dissipation in the RF gun for a given stored energy.
According to SUPERFISH, the power dissipation is 2.16 MW when the field at
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the cathode E is 35 MV/m. We assume the Q of the gun is independent of
2

field level, so that the power dissipation is proportional to EZ,, ... Thus, we

cathode

can calculate the field at the cathode from the forward power signal of the
diode. We calculate the peak value of the field at the cathode, not the RMS
value.

Current Measurement

We measured the dark current with ICT1, which is immediately downstream of
the gun. We turned off the solenoids in order to avoid distortion in the ICT1 signal.
We used Equation (8.8) to obtain the current from the peak to peak in the transient of
the ICT signal at the beginning or end of the RF pulse (usually the latter). As discussed
in § 8.2, we expect an error of at most 12 or 13% due to the slow rise or fall of the
dark current pulse and the cable attenuation. The current measured with the ICT is an
average current in the sense that it is average over the RF period; it is a peak current in
the sense that it is not multiplied by the duty cycle of the RF pulse train.

Results

Extensive RF processing of the gun was done with a molybdenum cathode. A Mo
cathode of nominal diameter was used initially. Later, a Mo cathode of slightly larger
diameter was tried; the hope was that the reduction in the gap between the cathode and
the wall of the gun would reduce the dark current. Measurements of the dark current
at various times with the small- and large-diameter Mo cathodes are compared in
Figure 11.1a. As can be seen, there is very little reduction in the dark current over 4
months. Moreover, the change in cathode diameter has no significant effect on the
dark current. An initial round of RF conditioning was done with a copper cathode and,
naturally, the gun was operated with a coated (Cs,Te on Mo) cathode. Measurements
with the different cathodes are compared in Figure 11.1b. There is not much
difference between Mo, Cu, or coated Mo. On the other hand, as can be seen in Figure
11.1b, the dark current is significantly higher when the cathode is withdrawn
completely.

When the dark current results were first analysed, somewhat different conversion
factors were used for the both current and the field level, due to less accurate
calibration and due to misunderstanding of the theoretical values from SUPERFISH.
The results shown in Figure 11.1 incorporate the revised field conversion and improved
calibration factors for the circulator loss (see above) and the ICT current (see § 8.2).
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Figure 11.1. Comparison of dark current measurements (a) on Mo cathodes of
different diameters and (b) on cathodes of different materials.
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However, there is still room for improvement; in particular, the diode calibration has
not been checked. Moreover, not all of the relevant gun characteristics were checked
after the gun was retro-fitted (the input coupling, field balance between half-cell and
full cell, and cathode penetration will all affect the relationship between the forward
power and field at the cathode).

Equation (11.1) allows us to obtain the field enhancement factor B by measuring
the net field emission current from a known location on the surface of the gun. In our
dark current measurements, on the other hand, we measure the current that travels into
the beam tube and through the ICT, not the net current emerging from a particular
location on the surface of the gun. We do not know the number of emitters or their
locations for sure, although the dark current images suggested that the emitters might
be located near the gap between the cathode and the wall of the gun. If we assume

1. a single emitter at the cathode, and
2. the ICT measures a fraction of the net current that is independent of field level,

then we can infer a value of 3. Using the work function of Mo, we have ¢ = 4.6 eV
[12] and E; = 67.4 GV/m (whether we use the work function of Mo or Cu does not
make a big difference, since ¢ = 4.65 eV for Cu [12]). A Fowler-Nordheim plot of
some of the dark current data is shown in Figure 11.2. The slope of the solid line
corresponds to B = 240. This result is consistent with measurements in other structures
plagued by heavy field emission. Values of J between 50 and 100 after successful RF

processing are more typical for Cu structures [13].
Some additional dark current measurements were done while varying the
magnetic field of the solenoids. With the secondary and trim solenoids at zero (I, =

Ipﬁ = 0), we varied the current in the primary solenoid (I ), and observed a large
change in the current measured at ICT2 and the Faraday cup in the straight beam line
(FC1), but only a small change in the ICT1 current. As I; was increased from 0 to

300 A, the FC1 current decreased by a factor of 10. Less dramatic changes were
- observed when varying I, if we discount the saturation of ICT1 by the secondary

solenoid.
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Figure 11.2. Fowler-Nordheim plot of selected dark current data.

11.3. Summary

Our measurements indicate that the gun produces 1 to 2 mA of dark current at
the nominal field level of E_; = 35 MV/m, which we might consider to be an
excessively high amount of dark current. The dark current is not reduced by RF
conditioning. There is evidence that suggests that the dark current is produced near the
cathode; we may speculate that the retro-fit of the gun for the new type of cathode is the

- root cause of the problem. The geometry in the vicinity of the cathode will be different
in future guns.
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12/ CURRENT VERSUS PHASE

Principle

The electrons emitted by the cathode can be accelerated only for some values of
the RF phase. Furthermore, the current emerging from the gun depends linearly on the
energy of the laser as we will see in section 13. Therefore to see only the influence of
the RF phase on the current, we have to normalize the measured charge from the ICT
by dividing by the energy of the laser.

Experiment

The current in the first solenoid was 208 A; the current in the secondary solenoid
was 198 A; the current in the Trim was 100A. The RF pulse length was 46is.

The RF phase was set by the Macintosh from 90° to 260°. The beam current
was measured using the peak-to-peak voltage of ICT1 (in mV) without subtracting the
background. The energy of the laser was measured using a laser photo-diode signal ( in
mV) as described in section 13.

Figure 12.1 shows the ratio of ICT1 to laser photodiode signal versus relative RF
phase. As expected, we see a value of the phase for which the current is a maximum, i.e
the relative RF phase which accelerates the maximum number of electrons.

Raﬂo of ICT1 to laser photodiede signal VS relstive RAF phase 09/10/97
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Figure 12.1. Ratio ICT1 to laser photo-diode versus relative RF phase
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13/ QUANTUM EFFICIENCY

The AO photoinjector uses the photocathode material cesium telluride (Cs,Te).
Cs;Te has high quantum efficiency, relative ease of fabrication, good vacuum
ruggedness, “recoverability” by heating, and a proven record in RF photoinjector use at
LANL. This section summarizes quantum efficiency measurements made on two cesium
telluride (CspTe) photocathodes from June 1997 to December 1997. This section does
not describe the photocathode preparation chamber, photocathode fabrication, or details
of the measurements of the DC quantum efficiency of the photocathodes. These topics
will be discussed in an internal report currently in preparation.

13.1, Photocathodeé Used in the RF Gun

Photocathode #1 was used in the RF gun from June 1997 to July 1997 (run 1).
Photocathode #2 was used in the RF gun from August 1997 to December 1997 (run 2).

13.2.  DC Quantum Efficiency Measurements

The quantum efficiency of each Cs,Te cathode was measured by monitoring the
photocurrent off the cathode under illumination from a calibrated, continuous (DC)
mercury vapor lamp. Lenses and apertures were used to project a circular spot of
approximately 0.5-1.0 cm diameter onto the cathode.

The DC QE of PC1 was measured to be 13% prior to run 1. At the end of the
run 1, the DC QE was measured at 0.65%. Photocathode #1 was rejuvenated by heating,
and recovered to a DC QE of 10.1%, but was not used in the RF gun after that point.

Immediately after its fabrication, the DC QE of PC1 was measured to be high as
16% after extended illumination with the UV lamp. Without UV illumination, the QE
dropped to a base value of about 8%. .

The spatial uniformity of each photocathode was measured by focussing the UV
light from the mercury lamp to a spot size of approximately 1.6 mm2. This spot was
then scanned across the surface of the photocathode, and the quantum efficiency was
measured at each position. The efficiency varied from slightly higher than the
maximum value near the center to <1% near the edge of the exposed substrate.
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13.3. Quantum_Efficiency Experimental Setup and Diagnostics

Overview

QE ‘measurements were taken with illumination from a single laser pulse and with
illumination from trains of up to 50 laser pulses spaced by 1 pus. Under both conditions,
the quantum efficiency was based on the measurement of the charge in a single electron
bunch; no attempt was made to quantitatively measure the charge of all electron bunches
during laser pulse train illumination. Qualitative measurements, recorded from
oscilloscope traces, show that the electron emission follows the laser amplitude
throughout the pulse train.

Laser Energy Diagnostics

In almost all of the QE measurements, the UV energy was determined by
measuring the maximum voltage of a single UV pulse measured from a photodiode in
the laser room which monitored a small fraction of the laser pulse reflected from a
beam splitter. The relation between the photodiode voltage and the laser energy was
determined by inserting a calibrated energy meter after the beam splitter, before the
mirror leading to the laser beam transport system. The photodiode voltage (single
pulse) and the laser energy (entire pulse train) were measured by two oscilloscopes and
captured by a computer for many shots. This gave a relation between the single-pulse
photodiode voltage and the laser pulse-train energy inside the laser room. The energy in
a single pulse is given by the total pulse train energy divided by the number of pulses. It
must be noted that this method for determining the energy of a single pulse is accurate
only if the entire pulse train has a flat energy profile during the calibration. Because
there are typically 10-15% variations in the flatness of the pulse train, many data points
were taken, and a statistical average was used for the final calibration constant,

In two sets of measurements, there was enough energy in a single laser pulse
(rather than a train of pulses) to give a strong reading on the energy meter after the
beam splitter. For these measurements, there is less uncertainty in the calibration of the
photodiode response. |

All of the photodiode-based calibrations had to be repeated on a regular basis.
Each time the laser was realigned or adjusted, the reflected laser pulse had to be
carefully aligned onto the small active area of the photodiode. In order to ensure an
accurate calibration, the comparison between the photodiode and the laser energy was
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repeated each time a significant change was made A typlcal calibration of the
photodiode is shown in Figure 13.1.

In the last two sets of QE measurements, the laser beam splitter was calibrated
with a laser energy meter monitoring the reflected light from a single laser pulse, and
another meter monitoring the transmitted laser light. Because the laser energy meter
has a larger active area and a well known response, these measurements gave the
smallest uncertainty in the laser energy calibration.

One source of uncertainty in the measurements which has not been precisely
determined is the cable attenuation for the ICT and laser signals. All of the laser
calibrations were taken on oscilloscopes inside the laser room with ~50 ns RG58 cable
lengths between the photodiode and the oscilloscope. Some measurements were taken
with the LeCroy scope located near the relay racks with the photodiode signals
propagating from the laser room through an additional 87 ns of 3/4 inch Heliax cable.
Although the attenuation of the photodiode signal in the Heliax has not been measured,
it is not expected to be a significant effect.

The ICT signals propagated through ~242 ns long RG58 cables from the cave to
the relay racks. In the case of the energy meter-based laser energy measurements, the
ICT signals were sent through the same Heliax cables and approximately 32 ns of RG58.
As discussed in § 8.1, however, we do not expect the cable attenuation to have a
significant effect on the area of the ICT signal. Thus, a 100% cable transmission is
assumed. ~

To determine the laser energy on the photocathode, the optical transmission of
the beam transport system was measured up to the final vacuum window in the gun. In
run 1, the transmission was 15%; in run 2, the mirrors in the transport system were
changed, and the transmission increased to 58%.

The transmission of the final, uncoated, quartz window and the reflectivity of the
dielectric mirror in vacuum were measured after the beam line was disassembled. The
net transmission from the outside of the vacuum system to the cathode was found to be
80%. It is not known whether the laser beam partially clipped one of the apertures
between the mirror and the cathode; to be conservative (and obtain the lowest QE
estimate), we assume that it was not clipped.

Bunch Charge Diagnostics

In each QE measurement, the electron bunch charge was measured with a
combination of ICT 1, ICT 2, and the Faraday flange at the end of the straight beam
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line (FC1). The charge per bunch was obtained from the time-voltage area of the ICT
and Faraday flange signals using Equations (7.4) and (7.3), respectively.

Because of its upstream location, ICT 1 was monitored in almost every QE
measurement. However, as discussed in § 8.3, the response of ICT 1 was affected by the
magnetic field generated by both the primary and secondary solenoids; the response of
ICT 1 can only be trusted to be accurate when both solenoids were turned off or were
at low current. ICT 2 and FC1 produced reasonable signals only when the electron
beam was aligned through the entire beam line.

13.4. Pulsed Quantum Efficiency Measurements

Overview

The QE of PC1 was measured in two experiments during run 1, once to
determine the relative QE vs. RF field, and once to determine QE vs. laser position on
the photocathode. In both measurements, the electron beam and laser beam diagnostics
were not accurately calibrated to give a high-confidence value for the QE.

The QE of PC2 was recorded via scope-trace print-outs several times during run
2, and seven specific experiments were done to measure photoemission as a function of
RF phase, RF power, laser position on the photocathode, and to measure the relative
response of the electron diagnostics. Experiment numbers are assigned based on the date
on which they were performed as QE_yymmdd (yy - year, mm - month, dd - date).

A summary of QE measurements is given in Table 13.1.

In experiment QE_971107, the position of the laser spot was moved in five
positions on the photocathode. Figure 13.2 shows the bunch charge and QE vs. laser
energy for the spot located above the center of the photocathode. A single laser pulse
was used in the calibration of the photodiode and in the photocathode illumination. The
variation in the QE for the five spots is given in Table 13.2.

The same measurements were repeated a few days later in QE_971110, and the
data for the centered laser spot is shown in Figure 13.3. Figure 13.4 gives the
histogram and statistics of the QE values for the same set of data.

In December 1997, higher laser energy was available to extract much higher
bunch charge from the photocathode. The highest recorded charge extracted during this
period was just over 30 nC in a single bunch and 15 nC/bunch in nine bunches.
Experiment QE_971208 measured QE as a function of extracted charge. The results
from one measurement are shown in Figure 13.5. The overall QE is significantly lower
than in QE_971110, most likely due to degradation of the photocathode during the
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Table 13.1. Description of the nine pulsed QE experiments from PC1 (970626) and
PC2 (all others). The “best estimate” of the QE for each experiment is given, and
represents the highest confidence measurement or an average of several measurements
made during the experiment. \

Experiment #  experimental goal best estimate
(O=charge) QF value
970626 Q vs. RF power e
Q vs. position
970910 Q vs. phase —
970922 QE,ICT1andICT2 9.1%
970925 QE vs. position —_
971107 QE vs. position 6.1%
971110 - QE vs. position 4.5%
971208 QE vs. position 0.5%
971212 QE vs. charge 0.5%

Table 13.2. Average QE value and standard deviation for five positions on the
photocathode. ’

Position average QF standard deviation
top 3.64 % 0.32
bottom 2.98 % 0.25
left | 6.11 % 0.52
right 1.25 % 0.20
center - 2.96 % 0.21

preceding month. The data also show that for bunch charges higher than 5 nC, there is
a significant decrease in QE due to space charge masking of the electric field. This is
caused in part by the short duration of the laser pulse, which is estimated to have been <
5 ps during these experiments. Longer laser pulses will allow the charge to be moved
away from the photocathode by the RF field during the laser pulse, decreasing the space
charge current limitation.
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13.5. Summary

The QE data from Run 2 gave predictable results. The highest QE measurement
was on the order of 4-5%, which is consistent with the DC QE measurements and the
uncertainty in the value of the pulsed QE measurements. The QE started out high, and
then decreased as the photocathode became contaminated from exposure to residual
gasses in the gun. The photoemission current decreased with increasing charge as a
result of the high space charge density of the bunch. Although the spatial variation of
the pulsed QE was not directly compared to the variation of the DC QE, the results
were qualitatively similar.

ICT 1 was strongly affected by stray magnetlc fields from the primary and
secondary solenoids, and because the solenoid settings were not always recorded, there
is some degree of unknown error in these QE measurements. In the next set of
experiments, a strong effort must be made to make sure the upstream ICT is not
affected by the solenoid fields. ‘

UV photodiode signal vs.
UV energy in laser room, 971002

0-5 ¥ ¥ ¥ H E H H T T ‘ ¥ H H ] L 7

; - ! y=a™ .
g ol Value Error i
S 04 - a| 0.23498[ 0.0010733
5 - Chisqg | 0.098911 - i
& : il R 0.95504 ;
£ 03
> i i
2 i ]
Q I i
o 0.2
= - .
- - i
g 1 -
5 041
Q. - 4 .
- B ]

O i i i i i ' L i i i \ g 1 f i
0 0.5 1 1.5 2

UVpd[V]

Figure 13.1. Typical calibration of the UV monitor photodiode to the UV energy in
the laser room. The slope of the curve fit was used to determine the calibration

constant.
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Figure 13.2. QE measurement of the Cs,Te photocathode with single laser pulse
illumination.
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Figure 13.3. QE data with laser spot centered on photocathode. Single laser pulse
photodiode calibration of UV energy.
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Figure 13.4. Histogram and statistical parameters of QE values shown in Figure
13.3.
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Figure 13.5. At several nC of charge, the QE decreases as a result of space charge
effects.
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CONCLUSION s :T‘

The photo-injector and the beam line used for these experiments was
disassembled in February 98. Most of the experiments we have presented will be
repeated on the new beam line. These new experiments will be prepared with
considerations for the lessons learned in the first set of experiments that were described

in this report.
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